ABSTRACT: Pollen morphology of 20 species of Euphorbioideae and one from Crotonoideae was examined with light, scanning and transmission electron microscopy. The pollen morphology presented here did not support the monophyly of Euphorbioideae, and the unique characters of tribe Stomatocalyceae such as absence of aperture margins, and thick and continuous endexine suggest the exclusion of Stomatocalyceae from Euphorbioideae which is in accordance with previous phylogenetic studies and wood anatomical data. Aforementioned pollen features in this tribe support that it is closely related to Acalyphoideae. Two subtribes of Stomatocalyceae were well recognized in terms of pollen morphology: Hamilcoinae includes species with reticulate or microreticulate exine patterns, and Stomatocalycinae includes those with perforate patterns with small supratectal elements. Three subtribes of Euphorbieae, classified in terms of pollen morphology, were further divided into three different types including perforate in Euphorbiinae, microreticulate in Neoguillauminiinae and reticulate in Anthosteminae, strongly supporting the Webster's subtribal system. Hureae and Hippomaneae, having perforate sculpturing pattern with smooth margo, were similar in pollen morphology. Especially, the presence of small supratectal elements in Hura crepitans pollen suggests the close relationships with Excoecaria species of tribe Hippomaneae. According to the previous studies, unique intine thickness along the aperture margin in Euphorbieae was not reported elsewhere in Euphorbiaceae. However, in this study we found the same intine thickness along the aperture margin in Maprounea brasiliensis and Hura crepitans. We hypothesize that the similar intine thicknesses found in Euphorbieae and above two species are the evidence of close relationships among them.
The subfamily Euphorbioideae Webster, one of the three uniovulate subfamilies in Euphorbiaceae, has been recognized as a natural group based on the several morphological characters such as the presence of white latex with nonarticulated laticifers, and reduced unisexual flowers without a disc or petals (Webster, 1994; Radcliffe-Smith, 2001; Esser, 2012) . Besides, in terms of pollen morphology, the subfamily is mostly supported by the basic pollen type (Punt, 1987; Nowicke, 1994) . Except the inclusion of tribe Stomatocalyceae, the circumscription of the subfamily by Webster (1994) is mostly corresponds to the treatment of Pax and Hoffmann (1931) .
However, the recent phylogenetic studies based on morphology (Park and Backlund, 2002) and molecular data (Wurdack et al., 2005) did not strongly support the monophyly of the subfamily. The exclusion of the tribe Stomatocalyceae from the subfamily was also suggested by the evidence from wood anatomy (Mennega, 2005) and morphology (Esser et al., 1997; Park and Backlund, 2002) . Thus, the placement of tribe Stomatocalyceae in Euphorbioideae is still problematic, and further systematic study is needed to resolve the phylogenetic position of the tribe Stomatocalyceae within the Euphorbiaceae.
Within the subfamily, five tribes were recognized by Webster (1994) , and they have been adopted by the recent authors. Recent phylogenetic study using morphological data (Park and Backlund, 2002) recognized tribes Euphorbieae, Hureae and Stomatocalyceae, but placed tribe Hippomaneae as a paraphyletic group. Moreover, molecular data (Wurdack et al., 2005) did not support the recognition of tribes Hureae and Pachystromateae because they were nested in tribe Hippomaneae. Close relationship among three tribes above was also supported by the wood anatomical data (Mennega, 2005) .
The limited pollen data within the subfamily suggests the uniformity of pollen characters within Euphorbioideae having tri-colporate with margo and tectate perforate (Punt, 1987; Park and Lee, 1988; Nowicke, 1994) . However, most of the pollen data have focused on mainly the tribe Euphorbieae (ElGhazaly, 1989; Suárez-Cervera et al., 2001; Lee and Park, 2006; Noh and Park, 2008) , and the pollen study of remaining parts of the subfamily is still needed. Sales et al. (2011) described pollen of four Brazilian species in Euphorbioideae using light microscopy. Small number of observations in Stillingia and Sapium of tribe Hippomaneae was made at the scanning microscopic level by Lynch and Webster (1975) and Park and Lee (1988) . The most intensive pollen study within the subfamily was conducted by Punt (1962) using light microscopy. This study suggested the close relationship between Euphorbieae and Hippomaneae (Punt, 1962) . The similarity of endexine structure between tribes Euphorbieae and Hippomaneae was proposed based on this pollen study (Suárez-Cervera et al., 2001) . Additionally, the intine thickness along each side of the aperture were suggested as a unique character founded in tribe Euphorbieae.
The aims of this study are to describe the pollen morphology of subfamily Euphorbioideae, evaluate the tribial system proposed by Webster (1994) , and test the relationships proposed by recent authors (Esser et al., 1997; Park and Backlund, 2002; Wurdack et al., 2005) .
Materials and Methods
Pollen grains of 21 species from Euphorbioideae and Crotonoideae were examined using light microscopy (LM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Pollen samples were obtained from the herbarium specimens (Appendix) . For LM studies, pollen grains were prepared using an acetolysis method (Erdtman, 1960) , and were mounted on glycerin jelly and sealed with paraffin. Measurements of polar axis (P), equatorial diameter (E) and colpus length (CL) were conducted on ca. 20 pollen grains per specimen under the LM (Table 1) .
For SEM, acetolysed pollen grains were placed on specimen stubs, applied with 100% ethyl alcohol, air dried, and coated with Au-Pd for one minute under 0.1 Torr ion-sputter. Pollen grains were examined and photographed with FE-SEM, Hitachi
Pollen morphology of Euphorbioideae 3 S-4200. For TEM, nonacetolysed pollen grains were embedded in the 1.5% agar gel, fixed in 2.5% glutaraldehyde in phosphate buffer (pH 7.4) for 1.5 hrs. They were fixed in 1% osmium tetroxide for 1hr. and dehydrated in a graded ethyl alcohol series to propylene oxide, embedded in epon, and polymerized 12 hrs. Sections were conducted with a diamond knife, and the sections were stained with uranyl acetate and lead citrate, and examined with Hitachi H-7100 TEM. Terminology of pollen grains followed Punt et al. (1994) .
Results
Tribe Euphorbieae (Figs. 1, 2, 6A-D, J) Pollen grains of the studied species in Euphorbieae were mostly subprolate, and suboblate in Pedilanthus tithymaloides (P/E = 0.87-1.32), amb shape circular to triangular. Polar axes of the grains ranged from 26.25 to 77.50 µm, and equatorial diameters ranged from 21.25 to 65.00 µm (Table 1) . Among the eight species examined, Anthostemma aubryanum had the smallest pollen grains, and Elaeophorbia drupifera had the largest pollen grains within the tribe Euphorbieae.
The pollen grains were tricolporate, colpi 17.00-59.64 µm long, and were bordered by the smooth, sunken margo, and they were widened at the equator and tapered toward the poles (Figs. 1B, 2A, D, E) . The margins around the os are swollen and formed labia-like shape (Fig. 1A, B) . The costae colpi were prominent. The colpus membrane was covered with the granules. The exine patterns were foveolate in Pedilanthus tithymaloides and Elaeophorbia drupifera (Fig. 1E, F) . The exine of Synadenium arborescens and Cubanthus linearifolius was regulate or fossulate at the area of mesocolpi, and foveolate pattern was found along the margins (Figs. 1A-D) . The significant fossulate pattern in C. linearifolius should be formed Table 1 . Pollen measurements of 21 species of Euphorbioideae and Crotonoideae. P = polar axis, E = equatorial diameter, P/E = ratio of polar axis and equatorial diameter, CL = colpus length (mean). All units in µm. by the connection of three to four foveolae (Fig. 1D ). Within the tribe Euphorbieae, pollen grains of Neoguillauminia cleopatra ( Fig. 2A, B) showed a microreticulate, but the Dichostemma glaucescens (Fig. 2C, D) and Anthostemma aubryanum (Fig. 2E, F) were reticulate. The thickness of the exine in Euphorbieae ranged from 1.1-1.8 µm, and the tectum was semi-tactate or perforate ( Fig.  6A-D) . Orbicules were present on the surface of the tectum, and they were rounded with uneven margin (Fig. 1B, C) . Tectum was columellate at the region of mesocolpi, but they were fragmented and thinner near the apertural margo ( Pollen morphology of Euphorbioideae 5 but it was also fragmented along the apertural margin (Fig.  6J ). The intine was thin along the mesocolpi region (Fig. 6D ), but became thicker under the aperture (Fig. 6C , J).
Tribe Hureae (Figs. 3E, 6H, I ) Pollen grains of Hura crepitans was subprolate (P/E = 1.19), and amb shape was circular. Polar axes of the grains ranged from 65.00 to 72.50 µm, and equatorial diameters ranged from 55.00 to 60.00 µm. H. crepitans had the largest pollen grains within the 20 examined species of the tribe Euphorbieae ( Table 1 ). The pollen grains were tricolporate, and colpi were ca. 60.42 µm long and narrow. They were bordered by the smooth margo. The exine patterns were perforate or foveolate with very small ill-regularly distributed supratectal elements (Fig. 3E ).
The thickness of the exine in H. crepitans ranged from 1.0-1.3 µm, and the tectum was tactate-perforate (Fig. 6H, I ). Tectum was columellate at the region of mesocolpi (Fig. 6H, I ). The foot layer was thick and continuous (Fig. 6H) , but it was fragmented along the apertural margin (Fig. 6I) . The endexine along the mesocolpi was thin and become thicker toward the aperture (Fig. 6I) . Besides, the intine was thin along the mesocolpi region (Fig. 6D) , but became thicker under the aperture (Fig. 6I ).
Tribe Hippomaneae (Figs. 3A-D, F, G, 5A-D , 6E-G) Pollen grains of the studied species in Hippomaneae were oblate-spheroidal to prolate (P/E = 0.97-1.38), and the polar views of the grains were circular or three-lobed. Polar axes of the grains ranged from 22.50 to 60.00 µm, and equatorial diameters ranged from 18.75 to 47.50 µm (Table 1) . Among the eight species examined, Duvigneaudia inopinata had the smallest pollen grains, and Stillingia sylvatica had the largest pollen grains within the tribe.
The pollen grains were tricolporate, colpi 22.67-48.88 µm long, and were bordered by the smooth margo, and it was widened at the equator and tapered toward the poles (Fig. 3A-D) . The ora were lalongate, and were swollen (Fig. 3C, D) . The colpus membrane was covered with the granules. The exine patterns of most species were perforate or foveorate without supratectal process, but the surface pattern of Excoecaria buaaoi was characterized by perforate with very small ill-regularly distributed supratectal elements (Fig. 3G) . The exine of Spirostachys africana was perforate-fossulate ( Fig. 5C ). Orbicules were present in most of the specie in this tribe (Figs. 3A, B, D, F , 5B). The thickness of the exine in Maprounea brasiliensis ranged from 1.1-1.4 µm, and the tectum (0.6-0.8 µm) was tactateperforate and was relatively thick comparing foot layer (ca. 0.2 µm) and columella (0.25-0.3 µm) (Fig. 6E, F) . The tectum was columellate, and foot layer was thick and continuous (Fig.  6E, F) . The endexine along the mesocolpi was thin and continuous (Fig. 6I) . Besides, thickness of intine was variable along the mesocolpi region (Fig. 6D) , and became thicker at some region (Fig. 6E, F) .
Tribe Stomatocalyceae (Figs. 4A-E, 5E, F, 6K, L) Subtribe Stomatocalycinae (Figs. 5E, F, 6L ) Pollen grains of Pimelodendron anboinicum were oblatespheroidals (P/E = 0.93), and the amb shape was circular (Fig.  5F ). Polar axes of the grains ranged from 20.00 to 23.75 µm, and equatorial diameters ranged from 21.25 to 25.50 µm. P. anboinicum had the smallest pollen grains within the 20 examined species of the tribe Euphorbieae (Table 1 ). The pollen grains were tricolporate, and colpi were ca. 17.00 µm long and narrow. They were not bordered by the margo (Fig. 5F ). The exine patterns were perforate with very small supratectal elements (Fig. 5E, F) .
The tectum of P. anboinicum was tactate-perforate (Fig. 6L) . Tectum was columellate, and the foot layer was thin or absent (Fig. 6L) . The endexine was conspicuously thick and Ki-Ryong Park and Jung-Hun Lee continuous. The intine was thin along the mesocolpi, but sometimes it was variable in thinckness (Fig. 6L ).
Subtribe Hamilcoinae (4A-E, 6K) Pollen grains of subtribe Hamilcoinae were suboblate to oblate-spheroidal (P/E = 0.86-0.93), and amb shape was circular or semi-angular. Polar axes of the grains ranged from 21.25 to 35.00 µm, and equatorial diameters ranged from 27.50 to 40.00 µm ( Table 1 ). The pollen grains were tricolporate, and colpi were ca. 22.38 µm long and narrow. The margo was absent. The exine patterns were microreticulate in Hamilcoa zenkeri or reticulate in Nealchornea yapurensis (Fig. 4A-E) .
The thickness of the exine in N. yapurensis was ca. 1.5 µm, and the tectum is semitactate. Tectum was columellate (ca. 0.3 µm), and the foot layer (ca. 0.15 µm) was thin and continuous. The endexine (ca. 0.3 µm) was conspicuously thick and continuous. The intine was also thick and continuous (Fig. 6K ).
Subfamily Crotonoideae (Fig. 4F ) Pollen grains of Croton monanthogynus were subprolate (P/E = 1.26) with a longer and shorter axis. Longer axes of the grains ranged from 65.00 to 67.50 µm, and shorter axes ranged from 50.00 to 55.00 µm ( Table 1 ). The pollen grains were inaperturate. The exine was a croton pattern (Erdtman, 1952) with supratectal elements. The lumina of the croton pattern were enclosed by 5 to 6 supra-tectal angular bacula (Fig. 4F ).
Discussion
The classification system within subfamily Euphorbioideae
The revised classification of Euphorbiaceae which consists of five subfamilies was proposed by Webster (1975) , and until now, three subfamilies, Euphorbioideae, Acalyphoideae and Crotonoideae, are only accepted as a member of Euphorbiaceae on the basis of recent molecular phylogeny (Wurdack et al., 2005) . Among them, Euphorbioideae, consisting of species having white milky latex and apetalous flower, had been classified differently by authors. Webster (1975 Webster ( , 1994 proposed five tribes within the subfamily which are Stomatocalyceae, Hippomaneae, Pachystromateae, Hureae and Euphorbieae. However, Hurusawa (1954) defined the Euphorbioideae only species bearing cyathium, and it consists of tribes Euphorbieae, Anthostemaeae and Dalechampieae. Hurusawa (1954) proposed a new subfamily Sapioideae which includes Webster's Hippomaneae, Stomatocalyceae and Hureae, and he treated Pachystromateae as a member of subfamily Acalypoideae.
Comparing the Webster's system Pax (1924) and Pax and Hoffmann (1931) adopted Euphorbieae and Hippomaneae, but placed Pachystromateae within the tribe Acalypheae. They also have completely different idea of placing species of Stomatocalyceae. They placed subtribe Stomatocalycinae in tribe Hippomaneae, but treated subtribe Hamilcoinae as a member of tribe Gelonieae which is one of the tribe in subfamily Crotonoideae in Webster's system.
Relationships of Stomatocalyceae within the Euphorbioideae
The monophyly of Webster's Euphorbioideae is weakly supported by phylogenetic analyses using morphology (Park and Backlund, 2002) and molecular data (Wurdack et al., 2005) . The weighted analysis (Park and Backlund, 2002) accepted tribes Stomatocalyceae, Hureae, Euphorbieae and Hippomaneae, but did not support the momophyly of Euphorbioideae. Besides, resulting tree based only rbcL data (Wurdack et al., 2005) did not support it because species of Stomatocalyceae nested within the Crotonoideae. The excluding Stomatocalyceae from Euphorbioideae is also suggested by the results of wood anatomy (Mennega, 2005) . Comparing other tribes within Euphorbioideae Stomatocalyceae differs from other tribes by the combination of the low density of vessels, and mostly biseriate, vertically fused and very tall rays. The wood feature of Pimelodendron is similar to Blumeodendron of Acalyphoideae (Mennega, 2005) .
The pollen morphology presented here did not support the monophyly of Euphorbioideae (Wurdack et al., 2005) , and does not agree with the classification system proposed by Webster (1975) . Our result suggests the exclusion of Stomatocalyceae from subfamily Euphorbioideae, and is in accordance with the results of wood anatomical data (Mennega, 2005) . Pollen features such as the absence of aperture margins, and thick and continuous endexine are unique characters of tribe Stomatocalyceae in Euphorbioideae. The presence of continuous and homogeneous endexine is a common pattern in the subfamily Acalyphoideae (Park and Lee, 1988; Takahashi et al., 1995; Suárez-Cervera et al., 2001) , and supports the close relationships to Acalyphoideae (Webster, 1994) . However, the result of molecular phylogeny using rbcL data (Wurdack et al., 2005) placed the species of Stomatocalyceae within the Crotonoideae. Webster (1975) subdivided the Stomatocalyceae into subtribes Stomatocalycinae and Hamilcoinae which is similar to the separation of two groups proposed by Pax and Hoffmann (1931) . Wood anatomical data (Mennega, 2005) also supports the recognition of two subtribes based on the presence of biseriate rays in Stomatocalycinae, while uniseriate rays are predominant in Hamilcoinae. Pollen morphologically two subtribes were well recognized: Hamilcoinae includes species with reticulate or microreticulate in exine pattern, and Stomatocalycinae with perforate with small supratectal elements. Therefore, pollen morphology supports the subtribal classification, while it suggests the nonmonophyly of the tribe proposed by Webster (1975) .
Relationships among subtribes in Euphorbieae
Tribe Euphorbieae, the largest tribe in Euphorbioideae, consists of three subtribes: Anthosteminae, Neoguillauminiinae and Euphorbiinae (Webster, 1975) , and the naturalness of three subtribes has been supported in recent phylogeny (Park and Elisens, 2000; Steinmann and Porter, 2002) . However, phylogenetic study of Euphorbioideae using morphological data (Park and Backlund, 2002) did not show the monophyly of Anthosteminae as proposed by Webster (1975) . From the phylogenetic standpoint Anthosteminae is always basal within tribe Euphorbieae, and the next is Neoguillauminiinae.
Based on this study three subtribes were more or less characterized by three different types such as perforate in Euphorbiinae, microreticulate in Neoguillauminiinae and reticulate in Anthosteminae, thus, mostly support the Webster's subtribal system. However, the microreticulate and reticulate pollens are appeared in Euphorbiinae such as subg. Poinsettia and sect. Zygophyllidium of Euphorbia (Lee and Park, 2006) , these seem not to be unique characters to support the monophyly of Anthosteminae and Neoguillauminiinae. Within the subtribe Euphorbiinae sculpturing patterns of pollen are more or less variable and each species can recognize based on the exine patterns. From the evolutionary standpoint, the size of lumina of pollen grains had been reduced from reticulate to perforate in Euphorbieae. However, the character reversal from perforate to reticulate pattern also was appeared independently within the tribe.
The tribe Euphorbieae is the only group bearing cyathium within Euphorbioideae, but the origin and the sister group of Euphorbieae is still debatable. Gilbert (1994) proposed a Jatropha-like species from Crotonoideae as the ancestor of cyathium bearing Euphorbieae, but Croizat (1942) and Hurusawa (1954) insisted Dalechampia (Acalypoideae) origin. Recent phylogenetic analysis shows that the Maprounea of Hippomaninae is a possible sister group of Euphorbieae (Park and Backlund, 2002) . Pollen morphologically tribes Euphorbieae, Hippomaneae and Hureae were shared by the presence of aperture margo which is absent in Stomatocalyceae. However, the conspicuous margo also occurred in Acalypoideae tribe Bernardieae (Nowicke et al., 1999) . According to the pollen morphology tribe Euphorbieae is closely related to Hippomaneae, Hureae and Bernardieae of Acalypoideae, but is not related to Crotonoideae and Stomatocalyceae.
Pollen morphological similarity between Hippomaneae and Hureae
The Hippomaneae and Hureae were recognized by the presence or absence of glands at the base of bracts (Hurusawa, 1954; Webster, 1994) , while they were combined as tribe Hureae (Dumortier, 1892) .
Recent molecular phylogenetic study (Wurdack et al., 2005) suggested the inclusion of Hureae and Pachystromateae in Hippomaneae, and it means that Hippomaneae is paraphyletic. However, phylogenetic analysis using morphological data mostly support to recognize the tribe Hureae and Hippomaneae (Park and Backlund, 2002) . Comparing flower morphology two tribes are well recognized: Hippomaneae having glandular bracts and inclinate flowers with a small calyx; Hureae with eglandular bracts and erect flowers (Esser, 2012) .
Pollen morphologically two tribes were similar, and no character to recognize each other. Perforate sculpturing pattern with smooth margo in Hureae is a typical feature in Hippomaneae. However, the presence of small supratectal elements in Hura crepitans pollen suggests the close relationships with Excoecaria species of tribe Hippomaneae.
Intensive study of pollen morphology in Euphorbieae and Plukenetieae (Suárez-Cervera et al., 2001) were conducted, and found the similar pollen morphological type presence in Euphorbieae. And they mentioned that the unique intine thickness along the aperture margin in Euphorbieae species was not reported elsewhere in Euphorbiaceae. However, in this study we found the same intine thickness along the aperture margin in Maprounea brasiliensis and Hura crepitans. We hypothesize that the similar intine thickness found in Euphorbieae and above two species as an evidence of close relationships among them.
